ABSTRACT
INTRODUCTION
Interspersed repetitive sequences comprise a significant portion of the genomes of almost all organisms (BARTOLOME et al. 2002; DEININGER and ROY-ENGEL 2002; FINNEGAN 1989; KIDWELL and LISCH 1997) . Up to 10% of the genome is composed of dispersed repetitive DNA in Arabidopsis (THE ARABIDOPSIS INITIATIVE 2000), ~ 40% in rice (GOFF et al. 2002; YU et al. 2002) , ~ 10-15% in nematodes (THE C.
ELEGANS SEQUENCING CONSORTIUM 1998) and in flies (QUESNEVILLE et al. 2005) , and ~ 37%-46% in mice (MOUSE GENOME SEQUENCING CONSORTIUM 2002) and in humans (INTERNATIONAL HUMAN GENOME SEQUENCING CONSORTIUM 2001). These sequences are mostly transposable elements (TEs), which can move to novel genomic positions.
According to the mechanism of transposition, TEs are divided into transposons (DNA-mediated) and retrotransposons (RNA-mediated) (BERG and HOWE 1989; MCDONALD 1993) . TEs can also be divided by their ability to direct their own transposition (see review in (KAZAZIAN 2004) . Autonomous TEs code for the proteins required for transposition and are mobilized in cis. Non-autonomous TEs are mobilized in trans by enzymes produced from autonomous elements. The best known example of this dichotomy is the long interspersed element (LINE) families, and the short interspersed elements (SINEs). The well known human SINE, the nonautonomous element Alu, can be mobilized in trans by autonomous LINE-1 elements (DEININGER et al. 2003; DEWANNIEUX 2003) . Another example of a non-autonomous TE is the family of miniature inverted-repeat transposable elements (MITEs) in plants and animals. Interestingly, MITEs are the predominant TEs that are associated with the non-coding regions of genes of flowering plants. They have also been found in several animal genomes including Caenorhabditis elegans, mosquitoes, fish and human (reviewed in (FESCHOTTE et al. 2002) ).
These repetitive sequences are mostly parasitic to their host (DAWKINS 1976; DOOLITTLE and SAPIENZA 1980) , i.e. TE insertions are, on average, deleterious to host fitness (HOULE and NUZHDIN 2004) . They disrupt host genes (BIEMONT 1997; CHARLESWORTH and LANGLEY 1989) , and increase the likelihood of ectopic rearrangement (CHARLESWORTH and LANGLEY 1989; MONTGOMERY et al. 1991; VIRGIN and BAILEY 1998) . When the host is unable to fully inactivate TEs and they do not impair host fitness too severely, TEs and their host will coexist. If TEs persist, they can have an important impact on chromosome dynamics and genome evolution (KAZAZIAN 2004) . They can cause non-homologous recombination and thus generate genetic diversity of the host genome, and their activity and numbers have an important impact on genome size evolution (PETROV 2001) . They also play important roles in gene regulation and chromatin assembly (reviewed in (CSINK and HENIKOFF 1998; KAZAZIAN 2004) .
With the advance of genomic tools and genome databases, we now are able to study the "paleontology" of TEs in closely related species to understand the evolutionary dynamics of TEs and the mechanisms regulating their activities. Unlike plant and mammalian genomes, where TEs seem to be under less control, (e.g. MITEs in grass (FESCHOTTE et al. 2002) and Alu in the primates (BATZER and DEININGER 2002) ), it is generally believed that TEs in the compact Drosophila melanogaster genome (DMG) are well controlled. This genome contains many families of active TEs, with relatively few copies (<100) in each family (KAMINKER et al. 2002) . The only exception is DINE-1 (Drosophila interspersed element, also named DNAREP1_DM, INE). These elements are very abundant in the DMG. There are more than 1000 highly fragmented and diverged copies located in the heterochromatic regions, such as the pericentric regions and the 4th chromosome (KAPITONOV and JURKA 2003; LOCKE et al. 1999; QUESNEVILLE et al. 2005; SINGH et al. 2005; SINGH and PETROV 2004) . No open reading frames or target site duplications can be found in the existing copies in the DMG. Although the mechanisms responsible for their propagation and distribution in the genome remain a puzzle, DINE-1s are believed to be the relics of a family of ancient retroelements which experienced a transpositional burst ~5-10 myrs ago (KAPITONOV and JURKA 2003; SINGH and PETROV 2004) .
DINE-1s are highly diverged (~15%) from each other in D. melanogaster. We first became interested in DINE-1 in D. yakuba after discovering that, unlike in D.
melanogaster, D. yakuba contains a large number of DINE-1s that are highly similar to each other. We present evidence below that this difference can be explained by the occurrence of a recent transpositional burst of DINE-1 in D. yakuba which generated many copies of DINE-1 with low sequence divergence. Furthermore, we found that there is a dramatic difference in the chromosomal distribution and insertion site frequency of different age groups of DINE-1s: Young copies (recently transposed) are evenly distributed along the chromosomes; old copies are restricted to heterochromatic regions. Our results support the hypothesis of the deleterious effects of repetitive sequences on host fitness. Their random insertions into the host genome are followed by efficient removal, in regions of high recombination, and their accumulation in regions of low recombination.
MATERIALS AND METHODS

Sequence exaction of DINE-1 elements from D. yakuba
Using the reported consensus sequence for DINE-1 in D. melanogaster (KAPITONOV and JURKA 2003) as a query, we searched for similar sequences in the D. yakuba genome database (Release 2.0 D. yakuba whole genome shotgun assembly, http://rana.lbl.gov/drosophila/yakuba.html) using BLASTN with the default setting of the parameters. We retrieved the 50 copies of DINE-1 with the lowest E-value, aligned them, and derived the consensus sequence.
Using this DINE-1 consensus sequence as the query, we used WU BLAST to search for DINE-1s in the DYG with the default settings of parameters. In total, we obtained more than 50,000 hits from the blast search. We eliminated hits with E values larger than 0.00001 and with alignable length shorter than 300 bp. We then selected the top 1,000 hits with the longest aligned lengths. After eliminating redundant copies with the same 5' and 3' flanking sequences, we obtained 933 copies of DINE-1.
We further partitioned these copies into three categories: G1, G2 and G3, based on the sequence similarity to the consensus sequence, with <4 %, 4-6% and >6% pairwise distances to the consensus, respectively (see below).
Sequence alignment and pairwise distance computation
Sequences were aligned using ClustalW from the webserver of EBI (http://www.ebi.ac.uk/clustalw/) with the default parameter settings. Alignments were then further improved by manual checks and adjustments. Based on the multiple alignment output, pairwise distances were estimated using the maximum likelihood 6 method using MEGA 3.0 ) with Jukes-Cantor one parameter model (JUKES and CANTOR 1969) assuming equal rates of substitution among four nucleotides.
Location mapping
We mapped the locations of each DINE-1 sequences found by BLAST search onto the assembled chromosome sequences of DMG (Release 4, http://flybase.net/blast/) and DYG (Release 2.0 whole genome shotgun assembly). The density of DINE-1s along each of the chromosome arms was calculated by counting the number found in each 1Mb interval (or 0.1Mb interval for the 4th chromosome).
Fly strains, DNA extraction, PCR and DNA sequencing D. yakuba strains used to study DINE-1 insertion site polymorphism include Tai18E2 (the strain used for whole genome sequencing), and 8 other strains, 286.82, 286.83, 286.84, 286.85, 286.86, 286.87, 286.88, 286.89, 286 .90 (kindly provided by Dr. Tsaur S.C., Academia Sinica, Taiwan). DNA was extracted from pools of 50 flies from each strain by a standard phenol:chloroform extraction followed by ethanol precipitation. Primers to amplify and sequence the flanking regions of sites with young DINE-1 insertions were designed using Primer3
(http://www.basic.northwestern.edu/biotools/Primer3.html). Primer sequences and PCR amplification conditions are available upon request. PCR products were directly sequenced using ABI BigDye (Applied Biosystems, CA) technologies under slight modification of the manufacturers' suggested protocols.
RESULTS
Abundance and structure of DINE-1
From the Blast search results, we estimated that the total number of DINE-1s in the DYG is at least 5,000 copies, with average length ~600 bp. Under the same stringency of Blast search, there are ~1,000 copies of DINE-1 in the DMG, constituting about 1% of the total DMG. These are likely to be underestimates since the Blast search result is biased toward young copies. Ancient copies are likely to be missed, due to high sequence divergence and fragmentation from mutation accumulation.
We aligned and compared the consensus sequences of DINE-1s from DMG and DYG.
The length of the D. yakuba DINE-1 consensus is 823 bp. Compared with the D.
melanogaster DINE-1 consensus (LOCKE et al. 1999) , the sequence structure of DINE-1 is similar in these two species (Figure 1 ). They both have two conserved blocks, A and B, and these two blocks are connected by a variable region of tandem repeats. The number of repeats present in D. yakuba DINE-1s is variable and is the major cause of length variation among copies.
In order to understand the potential transpositional mechanism that result in such high copy numbers of DINE-1, we looked for various sequence motifs and features that are found in other highly abundant elements, such as SINEs or MITEs. We did not find any DNA polymerase III promoter motif or tRNA-derived elements using the program Pol3scan (PAVESI et al. 1994) , which are typical features of SINEs. We also did not find long-terminal repeats, nor a poly-A tail, which are characteristics of the two types of retroelements. We therefore suggest that DINE-1 is unlikely to transpose through an RNA mediated mechanism, as previously suggested (KAPITONOV and 8 JURKA 2003 and looked for the presence of DINE-1 insertions by PCR at 3 euchromatic sites which we had found contain "young" DINE-1 insertions in the genome reference strain.
We found that none of the sampled strains contain DINE-1 inserts at any of the three sites of insertion found in the genome reference strain. We then compared the homologous sequences of sites with and without DINE-1 inserts. We discovered that all three copies had a 2 bp target site duplication of TT. We then looked at our entire set of young copies, and found TT flanking DINE-1 on both sides in about 50% of them. We conclude that DINE-1 preferentially inserts at sites of TT, and causes a 2bp target site duplication.
Based on the existence of inverted repeats close to the termini, target site duplication, and the conservation of sequences in both ends among copies (all common features of transposons (KAMINKER et al. 2002) ), we propose that DINE-1 is likely to transpose through a DNA mediated mechanism.
Recent tranpositional burst of DINE-1 in D. yakuba
The frequency distribution of pairwise distances between DINE-1 copies in D. yakuba has a single peak at ~7%, with a long tail towards high divergence. This distribution suggested to us that D. yakuba may contain a large number of both ancient and relatively young copies of DINE-1.
This hypothesis is illustrated in Fig. 2 melanogaster genome (Table 1) .
From the analysis of the chromosomal location of DINE-1s, we found that in both species DINE-1s are more abundant in the heterochromatic regions than in the euchromatic regions, being especially dense around the centromeric regions in all chromosomes ( Figure 3) . DINE-1s are also found to be densely located in the 4th chromosome, which is known to be mostly heterochromatic. Our results with D.
melanogaster DINE-1 are similar to those previously found (KAPITONOV and JURKA 2003; SINGH et al. 2005; SINGH and PETROV 2004 (BARTOLOME et al. 2002; BLUMENSTIEL et al. 2002; CHARLESWORTH et al. 1992) . By contrast, the distribution of DINE-1 in the euchromatic regions is very different between the species; in particular there are more copies in the euchromatic regions of D. yakuba. We hypothesize that these are recent inserted copies, and might be in the process of removal from the genome.
Chromosomal distribution of young and old copies of DINE-1 elements in the D. yakuba genome
To test the above hypothesis we partitioned the 933 DINE-1s into 3 groups based on their sequence divergence. We compared the chromosomal distributions of young (G1) and old (G3) groups, and found that the distributions are very different between these two groups. Younger copies are much more evenly spread along the chromosomal arms and older copies are mostly located close to, or in, the centromere regions (Fig.   4 ).
DISCUSSION
DINE-1 is the most abundant TE found in DMG (KAPITONOV and JURKA 2003) . More than a thousand copies of DINE-1s are present in the sequenced reference strain.
Unlike most TEs found in the DMG, sequences of DINE-1s are highly divergent.
They are believed to be relics from an ancient transpositional burst and most copies, if not all, lost their mobility > 3 myrs ago (KAPITONOV and JURKA 2003) . DINE-1 was originally reported to share a weak similarity with the retroelements SINE (LOCKE et al. 1999) and Penelope (KAPITONOV and JURKA 2003) . However, because of the antiquity of these copies and their accumulation of mutations, the mechanism of transposition inferred from sequence data remained ambiguous.
Our study of the recently completed D. yakuba whole-genome sequence has revealed that DINE-1s are even more abundant than in D. melanogaster, and that D. yakuba copies appear to be much younger. We were able to retrieve sequences of DINE-1 under the same stringency of conservation in the two species, and to infer the age of the elements based on sequence divergence analysis. This approach allowed us to derive the consensus for the most recently active copies of DINE-1 in the D. yakuba genome, and further to infer the mechanism of transposition of DINE-1. Based on the discovery of terminal inverted repeats, target site duplications and conservation of both termini sequences, we propose that DINE-1 is a family of DNA mediated transposons. However, we did not detect any significant ORF in DINE-1, suggesting this element may be non-autonomously transposed, similar to MITEs in plants (FESCHOTTE et al. 2002) . It is well known that transpositional rates can vary greatly among strains within species (PASYUKOVA and NUZHDIN 1993) , and transpositional bursts have occasionally been found in laboratory stocks (BIEMONT et al. 1987) . Our suggestion that D. yakuba experienced a recent transpositional burst is unlikely to be an artifact of laboratory culture, because very few of the "young" copies of DINE-1 we identified in D. yakuba are identical to each other. We also note that our preliminary analysis suggests that at least some "young" copies of DINE-1 are found in multiple, recently collected strains of D. yakuba. Therefore, the pattern of DINE-1 we have described in the sequenced genome strain is likely to reflect a general property of D.
yakuba.
Our comparative genomic analyses on the chromosomal locations of DINE-1 in two closely related species allows us to further investigate the evolutionary mechanisms controlling the number and distribution of TEs in the host genome. Previous studies on chromosomal distribution of TEs in Drosophila melanogaster and other species have concluded that TEs are more densely distributed in the heterochromatic regions, such as near the centromeres, and are less abundant in the euchromatic regions (BARTOLOME et al. 2002; BLUMENSTIEL et al. 2002; CHARLESWORTH 1994; CHARLESWORTH et al. 1992; KAMINKER et al. 2002; RIZZON et al. 2002) . However, the mechanism causing the observed TE distribution pattern is not yet known conclusively. Two alternative hypotheses can explain this pattern: (1) Biased insertion 14 of TEs into heterochromatic regions (DIMITRI and JUNAKOVIC 1999); or (2) lack of recombination in the heterochromatic regions slowing down the process of eliminating deleterious TEs. Previous studies (BARTOLOME et al. 2002; BIEMONT 1997; CHARLESWORTH 1994; LERAT 2003) yakuba are found in both the euchromatin and heterochromatin, while older copies, in both species, are found predominantly in the heterochromatin. Our results therefore exclude the possibility that the biased distribution of TEs in the DMG is due to targeted insertion of TEs into the pericentromeric heterochromatin, as was suggested (DIMITRI and JUNAKOVIC 1999) . Our result is consistent with the view that TEs persist in the genome due to a balance between natural selection against their deleterious effect on host fitness and their ability to replicate by transposition (CHARLESWORTH and LANGLEY 1989) . In the regions of high recombination, copies inserted into the euchromatic regions are likely to be more deleterious due to gene disruption by TE insertion into coding or regulatory regions of a gene, and/or chromosomal rearrangement by ectopic exchange among TEs at nonhomologous locations (CHARLESWORTH and LANGLEY 1989; MCDONALD 1993; MONTGOMERY et al. 1991) .
Because deleterious mutations are purged with high efficiency in regions of high recombination, the combined effect of more deleterious impact of TEs on host fitness and more efficiency of purging deleterious mutation would result in rapid removal of TE insertions from regions of high recombination. Our data on the dramatic differences in the chromosomal distribution of young and old age groups of DINE-1 in DYG ( 
